Background: Fusarium head blight (FHB), a devastating disease in wheat worldwide, results in yield loses and mycotoxin, such as deoxynivalenol (DON), accumulation in infected grains. DON also facilitates the pathogen colonization and spread of FHB symptoms during disease development. UDP-glycosyltransferase enzymes (UGTs) are known to contribute to detoxification and enhance FHB resistance by glycosylating DON into DON-3-glucoside (D3G) in wheat. However, a comprehensive investigation of wheat (Triticum aestivum) UGT genes is still lacking. Results: In this study, we carried out a genome-wide analysis of family-1 UDP glycosyltransferases in wheat based on the PSPG conserved box that resulted in the identification of 179 putative UGT genes. The identified genes were clustered into 16 major phylogenetic groups with a lack of phylogenetic group K. The UGT genes were invariably distributed among all the chromosomes of the 3 genomes. At least 10 intron insertion events were found in the UGT sequences, where intron 4 was observed as the most conserved intron. The expression analysis of the wheat UGT genes using both online microarray data and quantitative real-time PCR verification suggested the distinct role of UGT genes in different tissues and developmental stages. The expression of many UGT genes was up-regulated after Fusarium graminearum inoculation, and six of the genes were further verified by RT-qPCR. Conclusion: We identified 179 UGT genes from wheat using the available sequenced wheat genome. This study provides useful insight into the phylogenetic structure, distribution, and expression patterns of family-1 UDP glycosyltransferases in wheat. The results also offer a foundation for future work aimed at elucidating the molecular mechanisms underlying the resistance to FHB and DON accumulation.
Background
Fusarium head blight (FHB) or scab, primarily caused by Fusarium graminearum, is one of the most devastating diseases in wheat and barley worldwide [1] . FHB infection not only results in heavy yield loss but also deteriorates grain quality due to the production of trichothecene mycotoxins such as deoxynivalenol (DON), nivalenol (NIV) and their acetylated forms 3 (or 15)-acetyl-4-deoxynivalenol, 4-acetylnivalenol or fusarenone X (FX), of which DON is one of the most important members [2] . The accumulation of DON and other toxins in the infected grains is making wheat unfit for human and livestock consumption posing a risk to world food security [3] . DON along with other trichothecenes also act as fungal virulence factors, facilitating the colonization and spread of scab symptoms within wheat spikes [2] . When the TRI5 gene was disrupted, the DON-nonproducing mutants of F. graminearum lacked the ability to spread in wheat spikes [4] . The resistance to DON accumulation is different in FHB infected wheat varieties, highlighting the involvement of a host resistance system during the course of DON production [1] . DON-3-glucoside (D3G), a non-toxic masked form of DON, has been observed in wheat grains in addition to DON and is stored in plant cell vacuoles [5] . Using their enzymatic defense system, plants convert DON into D3G as previously described for the first time in Arabidopsis [6] . The resistance to FHB infection and D3G accumulation in wheat grains is correlated with the ability of a higher conversion of DON into D3G [7] . DON conversion into D3G, a natural detoxification process in plants called glycosylation, along with other mechanisms of detoxification such as acetylation and de-epoxidation, reduce mycotoxin accumulation and are potential resistance factors against FHB [2, 5, 8] .
Glycosylation is a widespread cellular modification reaction in all living organisms, attaching a carbohydrate to the hydroxyl or other functional group of a molecule in a biosynthetic pathway [9] . Glycosylation is a form of co-translational and post-translational modification altering the chemical property, subcellular location and activity of a variety of biomolecules [10] . Glycosylation modifications are catalyzed by glycosyltransferase enzymes (GTs), which are highly divergent, polyphyletic and belong to a multigene family [11] . Glycosylation, in addition to other reactions, paves the way to the production of a huge variety of secondary metabolites in plants. GTs from different species can be classified into 94 families based on their amino acid sequence similarities, catalytic mechanisms as well as the presence of conserved sequence motifs according to the most recent update of CAZy (http://www.cazy.org/GlycosylTransferases.html). Among them, family-1 GTs are the most common glycosyltransferases in the plant kingdom generally catalyzing the process of glycosylation by transferring sugar moieties from activated donor molecules to acceptor molecules [5, 12, 13] . Family-1 GTs use uridine 5′-diphosphate sugars as the donor molecule; hence, they are also named uridinediphosphate glycosyltransferases (UGTs) [14] . These enzymes act upon a huge variety of highly diverse and complex substrates in the plant kingdom such as flavonoids, terpenes, auxin, cytokinin, salicylic acid and many others to regulate plant growth, development, disease resistance and interaction with the environment [15] . The sequences at N-terminal region of these enzymes are highly diverse and are considered to be responsible for recognition of a variety of substrates. The C-terminal region on the other hand contains a conserved motif called Plant Secondary Product Glycosyltransferase (PSPG). The PSPG box is a unique, well conserved region of 44 amino acids found in all UGTs across all studied plant taxa [14, 16] . UDP-glycosyltransferases have been identified in various plant species, including Linum usitatissimum, Arabidopsis thaliana, Malus domestica, Vitis vinifera, Populus trichocarpa, Glycine max, Mimulus guttatus, Oryza sativa, Sorghum bicolor, Brachypodium distachyon, Zea mays, Gossypium raimondii, Gossypium arboreum, Gossypium hirsutum and most recently in Prunus persica, Brassica rapa, and Brassica oleracea with approximately more than 100 UGTs in all the higher plants investigated [15, [17] [18] [19] [20] [21] [22] . UGTs have been shown to display broad as well as selective substrate specificity in plants recognizing a wide range of acceptor molecules [23, 24] . The UGTs not only glycosylate acceptor molecules, such as anthocyanidins, flavonols, flavonoids, saponins, sterols terpenoids, phenylpropanoids and plant hormones, but also detoxify and deactivate xenobiotics and play a pivotal role in plant-pathogen interactions [9, 21] .
Functioning of UGTs has been described in many plants such as Arabidopsis, kiwifruit and strawberry [25] [26] [27] [28] . Besides their various other attributes, UGT genes have also been demonstrated to contribute to FHB resistance in crops possibly through DON glycosylation [5] . Four highly DON inducible candidate GTs were identified in barley and one of them HvUGT13248 gene, the first monocot DONglucosyltransferase, extended DON resistance in yeast and has since been expressed in Arabidopsis and wheat providing resistance against DON and other mycotoxins [29] [30] [31] [32] [33] . Similarly, two DON detoxification genes conjugating DON to D3G have been identified in Brachypodium distachyon [19] . Recently the HvUGT-10 W1 gene isolated from an FHB resistant barley variety (10 W1) also conferred FHB tolerance [34] . In wheat only a few candidate UGT genes such as TaUGTB2, TaUGT1, TaUGT2, TaUGT3, TaUGT4, and TaUGT12887 have been identified and the later 4 genes have been shown to be closely related to FHB resistance; however, a large scale systematic investigation of UGTs in the wheat genome is still lacking [35] [36] [37] [38] [39] .
In this study we identified 179 UGT genes from wheat using the available sequenced wheat genome. The genetic relationships of these UGTs were determined using sequence alignment and phylogenetic tree analysis. The differential expression of genes in various wheat tissues as well as wheat spikes treated with F. graminearum vs control expressions patterns were analyzed using NCBI and universal microarray data and further confirmed through RT-qPCR analysis of the selected genes. This study will hopefully provide a baseline to conduct future functional characterization analysis of wheat UGT genes in order to understand the molecular mechanisms behind substrate specificity in general and especially the resistance to FHB and DON accumulation in crops.
Methods

Identification of UGT genes in wheat
The 44-amino acid conserved sequence of the PSPG motif was used as a query to search against the wheat genome database (TGACv1) at the Ensemble Plants (http://plants. ensembl.org/Triticum_aestivum/) by HMMER profile to identify members of the UGT protein family in wheat [9, 40] . The identified protein sequences of each UGT were further verified through the PFAM (http://pfam.xfam. org/) and the SMART (http://smart.embl-heidelberg.de/) databases to confirm the presence of the UDPglycosyltransferase domain. The information (including amino acid length, transcript count and location) was also obtained from Ensemble Plants. The molecular weight (MW) and isoelectric point (PI) of each UGT protein were calculated using the online ExPASy program (http://web.expasy.org/compute_pi/) [41] . The subcellular localization of each UGT protein was predicted using the online CELLO v2.5 system (http://cello.life. nctu.edu.tw/cello.html) [42] .
Sequence alignment and phylogenetic analysis
Multiple sequence alignments of the wheat UGT protein sequences were performed by MUSCLE (http://www.ebi. ac.uk/Tools/msa/muscle/). The phylogenetic tree was constructed using MEGA 7.0 software (http://www. megasoftware.net/) based on the full-length UGT protein sequences through a neighbor-joining algorithm using a 1000 bootstrap value [43] .
Chromosomal locations
The genetic location of each UGT on the chromosomes was retrieved from the final TGACv1 map [40] . The genetic map of each UGT on the chromosome was modified from the primary map drawn by the MapInspect tool (http://mapinspect.software.informer.com/).
Intron mapping
The wheat UGT intron map was constructed by determining the intron positions, splice sites and phases. The intron phases were determined as described previously: the introns positioned between two triplet codons were defined as phase 0, introns positioned after the first base in the codon were defined as phase 1, and the introns positioned after the second base in the codon were defined as phase 2 [20] .
Expression profile analysis
A genome-wide expression analysis of the wheat UGT genes in various organs and developmental stages was performed using high-throughput RNA sequence data from 5 organs (root, stem, leaf, spike and grain), each with 3 developmental stages (https://urgi.versailles. inra.fr/files/RNASeqWheat/) [44] . To analyze the expression profiles of the wheat UGT genes after F. graminearum inoculation, the Affymetrix wheat array data with wheat spikelets from the susceptible spring wheat cultivar Roblin inoculated with either water or F. graminearum strains that do or do not produce DON were downloaded (https://www.ncbi.nlm.nih. gov/geo/) for further analysis (accession number GSE54554). The expression profiles of these UGT genes were generated by using MeV 4.7 software (https://sourceforge.net/projects/mev-tm4/files/mevtm4/).
Plant materials and treatment
The wheat cultivar used in this study was Annong 8455, which is highly susceptible to FHB in China. The wheat plants were grown in a green house at 22°C for 14-h light and 12°C for 10-h dark at the Jiangsu Academy of Agricultural Sciences, China.
The early anthesis stage spikelets were chosen for further F. graminearum or water (CK) inoculation as described previously [45] . Approximately 10 μl of fungal suspension (1 × 10 6 conidia per mL) of F. graminearum or water was injected into the central spikelet of a spike during early anthesis. The inoculated spikes were covered with a plastic bag for 3 days.
RNA isolation and RT-qPCR analysis
To validate the expression pattern of the six selected genes, the total RNA was isolated from the root, stem, leaf, pre-emergence spikelet, pre-anthesis spikelet, and grains of 7, 14 and 21 days after flowering (DAF) using the Promega SV total RNA isolation system (Promega, United States), according to the manufacturer's instructions. The RNA of the spikelets treated with water or F. graminearum after 2 and 4 days was also extracted in the same way. The firststrand cDNAs were synthesized from the total RNA by using the PrimeScript 1st strand cDNA Synthesis Kit (Takara Bio, Dalian, China), according to the manufacturer's manual. Real-time PCR was performed with a Roche thermal cycler 96 using SYBR Green to detect gene expression. The wheat tubulin gene was used as an endogenous control. The gene specific primers used for RT-qPCR are listed in the Additional file 1: Table S1 . The PCR conditions were as follows: 95°C for 30 s, 95°C for 5 s, 60°C for 20 s and 72°C for 10 s for 45 cycles. Data from the individual runs were collated using the 2 −ΔΔCT method [46] . All the reactions were performed using at least three replicates.
Results
Identification of UGT genes in wheat
A nearly complete and accurate sequence assembly of the allohexaploid wheat reference accession, Chinese Spring (CS42), was released recently, enabling a more in-depth analysis of UGT genes in this key global crop [40] . The conserved UGT domain of 44 amino acids called the PSPG box was used in this study to identify the presence of UGT genes in the wheat genome [9] . A total of 179 putative UGT genes having an average length of 471 amino acids were identified and used for further analysis ( Table 1) . Most of the genes were in the range of 400 to 500 amino acids, while only a few genes were above 500 and below 300 amino acids in size and 1 to 3 transcripts were counted for these genes (Additional file 2: Figure S1 ). The theoretical isoelectric point (pI) and molecular weight (Mw) ranged from 4.77 to 10.32 (average pI = 5.79) and from 26.9 kDa to 76.5 kDa (average Mw = 50.9 kDa), respectively ( Table 1 ). The theoretical cellular localization showed 22, 19, 5, 2 and 0.6% of the genes were localized only into the chloroplast, cytoplasm, plasma membrane, mitochondria and nucleus, respectively, while the rest of the genes were localized into any of these compartments (Table 1) .
Phylogenetic analysis of UGTs in wheat
The identified UGTs were subjected to phylogenetic analysis to see their grouping pattern and genetic relationships based on the 18 Arabidopsis UGTs sequences (Additional file 3: Table S2 ) [20, 22] . The wheat UGTs were clustered into 16 major phylogenetic groups, with a lack of Arabidopsis conserved phylogenetic group K (Fig. 1 ). The 14 UGT groups (A-N) described initially in Arabidopsis are considered as conserved groups, and all these groups except group K were found in this study [47] . The number of UGTs in each group varied, as group E, the largest of the groups, contained 37 UGT members, while group N, the smallest of the groups, had only one member. The three new groups identified in our study were O, P and Q containing 3, 13 and 36 UGT members, respectively.
Genome distribution of wheat UGT genes
Based on the current wheat genome annotation information, the genetic mapping of UGT genes on wheat chromosomes was further investigated (Fig. 2) . A total of 51, 67, and 61 UGT genes were non-randomly distributed in the A, B and D sub-genomes respectively (Table 1 ; Fig. 2 ). The number of UGTs varied from a minimum of 2 UGTs per chromosome to a maximum of 15 UGTs per chromosome among all the subgenomes. Within the sub-genome A, chromosomes 6 and 2 had the minimum (5) and maximum (10) number of UGTs, respectively, and within sub-genome B, chromosomes 1 and 4 had the minimum (6) UGTs each, and its chromosome 5 had the maximum number (13) of UGTs.
Structure of wheat UGT genes
The exon-intron structure is important to know the possibility of existence of alternative isoforms of a gene product that if so, can contribute to the complexity of cellular constitution and compartmentalization. The UGTs identified in this study were searched for intron existence, intron size and phases of introns (Additional file 4: Table S3 ). Among the 179 UGT genes identified in this study, 81 UGTs (44.5%) contained introns and among the intron containing UGTs 60, 17 and 4 had 1, 2 and 3 introns, respectively (Additional file 4: Table S3 ). After mapping the introns to the amino acid sequence alignment, at least 10 intron insertion events numbered I-1 to I-10, as per their position in the protein sequence, were observed (Fig. 3) . The intron (I-4) was the most widespread intron found across 38 sequences of wheat UGTs spread across groups A, B, D, E, F, G, H, I, J and Q. The phylogenetic group Q sequences had the highest number (27) of intron insertions, but only 6 different types of introns were found in this group; on the other hand, group A and D shared the highest number (7) of different types of intron insertions (Additional file 4: Table S3 ). A variable number of intron phases were observed for the UGT protein sequences showing abundance of 0 and 1 phases and scarcity of introns in phase 2. The most abundant phase was 0 (48%), followed by phase 1 (42%) and only 15% were in phase 2 (Additional file 4: Table S3 ).
Expression profiles of wheat UGT genes in various tissues at different developmental stages
To study the expression profiles of UGT genes during the life cycle of the wheat plant, the relative expression of UGT genes in the root, shoot, leaf, spike and grains each at three developmental stages were analyzed as per the Zadoks scale [44] . Using the online high-throughput RNA sequences data, the expression profiles of probes representing 109 wheat UGT genes were found and were further depicted as a heat map ( Fig. 4 ; Additional file 5: Table S4 ). The specific expression profile at different developmental stages revealed that most of the genes were expressed at a specific time in each tissue. Among all only nine genes showed extensive expression in almost all of the tissues but not in all the developmental stages and two of these genes TRIAE_CS42_1BL_TGACv1_ 032609_AA0132000 and TRIAE_CS42_4AL_TGACv1_ 288576_AA0952450 showed the highest expression level in most of the tissues. The expression of most UGT genes varied in each organ at different developmental time course, like in grain, leaf, spike and stem the highest expression occurred at the Z85, Z71, Z39 and Z65 stages, respectively (Fig. 4) . It was also noted that the highest number of genes were expressed in roots followed by leaves, stem, grains and spikes. None of the genes, except one in spikes, two in stem and three in roots, showed the highest expression in all three developmental stages of these organs. Over all approximately 57% UGTs were showing relatively high expression in the life cycle of the wheat plant based on this data (Fig. 4) .
Expression profiles of wheat UGT genes under Fusarium graminearum treatment
In the present study, expression patterns of the UGT genes in response to F. graminearum strains producing DON or not after 2 and 4 days after inoculation were investigated using the online Affymetrix wheat array data (GSE54554) to study the roles of UGT genes in response to FHB resistance. The expression profile of UGT genes at 2 and 4 days after infection (DAI) compared to the control plants showed a differential expression pattern under infected conditions ( Fig. 5 ; Additional file 6: Table S5 ). One of the most remarkable observations was that the number of genes showing extensive expression during F. graminearum stress producing DON was almost double that of the number of genes expressed during F. graminearum stress without DON at both 2 DAI and 4 DAI. Among all only 10 genes showed relative higher up-regulation at all circumstances of 2 and 4 DAI except for the control plants, while on the other hand 5 genes were clearly down regulated at all circumstances after F. graminearum inoculation (Fig. 5) .
Validation of the expression of UGT genes by RT-qPCR
We employed RT-qPCR to validate the expression profile of the UGT genes in different tissues as well as during F. graminearum inoculation of spikes at different Fig. 1 Phylogenetic analysis of bread wheat UGT family genes. The MUSCLE and MEGA 7 softwares were used for the sequence alignment and construction of the phylogenetic tree using the full length sequences of 179 wheat UGTs and 18 Arabidopsis UGTs time intervals in wheat. A total of 6 UGT transcript sequences were selected to be used for expression profiling in the root, stem, spike and grains and were further employed for expression profiling of the UGT genes in F. graminearum inoculated spikes. The 6 UGT genes were TRIAE_CS42_4DL_TGACv1_343563_AA1136610, TRIAE_CS42_3B_TGACv1_228792_AA0827590, TRIAE_ CS42_1AL_TGACv1_000696_AA0017290, TRIAE_CS42_ 3DS_TGACv1_274000_AA0934260, TRIAE_CS42_3DL_ TGACv1_251733_AA0884380 and TRIAE_CS42_6BL_ TGACv1_499376_AA1580390. The leaf tissues relative to the root and stem showed high expression of the 6 selected genes, in addition to a variable expression of the same genes in the leaf tissues (Fig. 6a) . The spikelets at three different developmental stages did not show any noticeable expression of the tested genes (Fig. 6a) . The transcript accumulation increased in grains with the development of grain maturity and highest expression was noted at the most mature stage (Fig. 6a) . When the spikelets were inoculated with F. graminearum at two different time intervals, the results clearly indicated the extensive expression of the selected genes in F. graminearum inoculated spikes compared to the control plants ( Fig. 6b-g ). The gene TRIAE_CS42_TGACv1_ 228792_AA0827590 gave the highest relative expression at both time intervals in the F. graminearum inoculated spikes compared to the rest of the genes tested (Fig. 6f ) .
Discussion
The advent of genome sequencing and the availability of global genomic databases have made it possible to examine complex genomes such as wheat in much greater detail. The identification and validation of FHB resistance genes in wheat is one of the major focuses in the current era of molecular investigations, pertaining to high FHB related economic losses and grain contamination due to DON accumulation. Glycosylation is one of the most important modification and detoxification phenomenon of plant secondary metabolites [15, 48] . Glycosylation, mediated by plants' indigenous UGTs, in addition to various cellular process and maintenance of cellular homeostasis, also plays a potential role in DON detoxification and FHB resistance. UGTs have been identified and analyzed in a few plant species such as Arabidopsis, flax, maize and cotton; however, they have not been identified on a large scale in wheat except in a few individual reports [14, 15, 20, 22] . In the present study we identified 179 putative family-1 UGT genes in wheat based on the Chinese Spring (CS42) reference sequence [40] . The exact number of family-1 UGT genes may be alterable in different wheat cultivars as substantial sequence differences such as nucleotides presence/absence are prevalent among cultivars including wheat. The 179 UGT protein sequences were further subjected to multiple sequence alignment and phylogenetic analysis. The multiple sequence alignment of wheat UGTs clearly showed high sequence divergence, especially at the N-terminus, revealing the diverse roles that UGTs play in the life of plants [15] . In this study, the phylogenetic analysis resulted in 16 different (A-Q) phylogenetic groups with one exception. The conserved group K previously described in other studies was absent in our findings, similarly in another study conserved group C was also not found in Gossypium hirsutum [15] . The loss of a phylogenetic group during evolution suggests either the loss of function or replacement by other factors [15] . In our study group E contained the highest number (37) of UGT genes leading to 21% of the total UGT genes identified in wheat. In Arabidopsis, flax and maize group E had 17, 22 and 35 UGT members, respectively, showing the expansion of group E in different plant species [21, 22] . The new groups O, P and Q were found in this investigation. Group Q, first discovered in maize having only 7 members, while in cotton this group was not found; on contrary, our study showed that group Q was not only found but was the 2nd largest group of UGTs in wheat consisting of 36 members [15, 22] .
The UGTs distribution among the chromosomes showed a dispersion of UGTs across all the chromosomes of all the three wheat genomes. A similar pattern of UGTs dispersion was also observed in Arabidopsis and among the three species of cotton [15, 47] . Quantitative trait loci (QTLs) for the resistance to Fusarium head blight have also been found on all wheat chromosomes, and the most stable QTLs related to FHB resistance are supposed to be located on chromosome 3B, 5A and 6B [49] , and here we have shown that these chromosomes have as many as 9, 7 and 10 family-1 UGTs, respectively, but the relationship with these QTLs and the exact role of these UGTs in resistance to FHB needs to be further studied. Introns, although do not contribute to protein sequences but their position and phases do affect the protein diversity and overall cellular functioning. Introns relative positions can predict certain clues like how genes and their corresponding proteins evolve and further contribute to the diversification of gene families [22, 50] . A total of 10 different intron insertions were identified in this study, while in other crops such as flax and maize 7 and 9 different introns were found, respectively [20, 22] . Among the 179 identified wheat UGTs, 55% lacked introns which is in accordance with previous reports on Arabidopsis, flax and maize of which 58%, 55% and 60% lack introns, respectively [20, 22, 47] . In our study, intron 5, found across phylogenetic groups A, B, D, E, F, H, I, J and Q, is considered as the most widespread and oldest intron. Similarly, intron 2 in Arabidopsis found in groups F-K, intron 3 and 4 in flax found in groups F-K, and intron 5 in maize found in groups F-J and N are considered the oldest and most widespread introns [20, 22, 47] . Consistent with other findings, we also observed the abundance of phase 0 and 1 introns compared to phase 2 introns [22] . The existence of different UGTs has been shown in various sub-cellular locations such as cytoplasm, vacuoles, endoplasmic reticulum as well as the membrane [51] [52] [53] [54] . DON accumulates in the cytoplasm, plasma membrane and chloroplasts of plant cells [55] , and the UGT protein sequences identified in our study also have divergent sub-cellular localization and might lower DON toxicity if confronted in these organelles.
To better understand the roles of the wheat UGTs during the life cycle of wheat, we performed an expression analysis of online universal microarray data in certain tissues at different developmental stages. The microarray results have revealed probes that specifically match 61% of the identified wheat UGTs, and most of these genes have been expressed at least in a certain tissue during the life cycle of the wheat plant. Similarly, in other crops such as maize and flax it has been shown that 82% and 73% of the corresponding genes showed expression [20, 22] . The genes analyzed in different tissues, as per the microarray results, showed that 13%, 29%, 35%, 9% and 15% of the UGT genes displayed extensive overexpression in grains, leaf, root, spikes and stem, respectively, during all the various stages studied. Using selected UGT gene sequences, RT-qPCR also revealed a differential expression profile in most of the growth stages in certain (See figure on previous page.) Fig. 3 Distribution of introns among 81 wheat UGT genes. The map represents the intron positions (inverted triangles) and phases (different colors of the inverted triangles) on the amino acid (thick grey lines) residues encoded by the UGT genes. The red, green and blue colors represent the 0, 1 and 2 phases of introns, respectively. The scale on top represents the amino acid count of the UGT genes, and the numbers on the bottom represent the identity of each intron Fig. 4 Expression profiles of wheat UGT genes in five different tissues at three different developmental stages. The different colors represent the abundance of the transcripts. The developmental stages are denoted using the Zadoks scale wheat tissues, suggesting that the UGTs are opting for preferential expression in particular organs during the life cycle of the wheat plant.
FHB is a menace for agriculture crops, especially for wheat growing in the humid regions of the world, and current focus has been placed on understanding the molecular mechanisms behind FHB resistance and the development of germplasms resistant to FHB. It is important to outline the role of the UGTs identified in this study, if any, during the F. graminearum incidence that could further be utilized for the development of resistance against F. graminearum stress. As many other investigators have previously shown the involvement UGTs in host resistance against FHB both in wheat as well as in barley [33, 37] . In our study, the F. graminearum stress responsive genes analyzed using online microarray data revealed some interesting results that were further validated by expression analysis of selected UGT genes using RT-qPCR. The wheat spikes were inoculated with a mutated F. graminearum strain that does not produce DON (Fg-DON) as well as with an F. graminearum strain that produces DON (Fg + DON), with water as the control. An average of 27 and 59% of the UGT genes were up regulated after Fg-DON and Fg + DON inoculation, respectively, compared with the control at 2 DAI. On the other hand, an average of 32 and 69% of the UGT genes displayed up-regulation in the Fg-DON and Fg + DON inoculated plants, respectively, at 4 DAI compared to the control plants. The up-regulation of a high number of UGTs during Fg + DON inoculation is an indication of the wheat indigenous UGTs based DON responsive defense mechanism against FHB. The data also clearly show an extensive up-regulation of a high number of genes on the 4th day after Fg + DON inoculation, showing an increase in response as DON accumulation increases. These results were further confirmed through RT-qPCR amplification of 6 selected UGT genes, where the highest expression was evident at 4 DAI. These genes and validation of the microarray data using a resistant genotype such as Sumai 3 will be the subject of our ongoing research to further dissect the wheat indigenous defense mechanisms and to identify the resistance 
